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Abstract 
The manufacturing of the most common pharmaceutical dosage form, tablets, requires 
good mass flowability and uniform particle size distribution. Granulation is often needed 
to improve these properties prior to tablet compression. Thus, rapid methods for analysing 
the key powder and granule properties, such as particle size, flowability and moisture 
content are needed. Until recently, the development and control of pharmaceutical unit 
operations was based on an empirical approach rather than process understanding. To be 
able to build quality into the products, improved understanding of materials and 
processing is needed. This can be reached by developing complementary automated 
analytical methods that are suitable for continuous on-line or in-line process monitoring. 
The aim of this thesis was to investigate whether modern analytical tools can provide 
rapid and reliable real-time insight into powder performance during solid dosage form 
processing. The first study evaluated the impact of paracetamol loading and the physical 
characteristics of powders on the flowability of microcrystalline cellulose and paracetamol 
mixtures. A novel small-scale flow device proved to be suitable for rapid flowability 
screening of different formulations. Particle size distribution and drug loading had the 
largest impact on the flowability. 
The main focus of this thesis was on the utilisation of image analysis, near infrared 
(NIR) spectrocopy and process measurements as complementary process analytical tools 
during granulation. In addition to particle size distribution, the images revealed batch 
specific granule growth and attrition behaviour in real time. The changes in granule size 
were clearly linked to the continuously measured process conditions. Moreover, changes 
in image brightness during drying reflected the removal of water from the granules. The 
continuous moisture measurements based on process air moisture content and NIR 
spectroscopy provided real time information on the moisture content as well as the batch 
moisture profile during processing. The comparison of the methods also enabled the 
evaluation of the location of water in the process. The combination of on-line photometric 
imaging and near-infrared spectroscopy with continuous in-line process measurements 
facilitated continuous evaluation of key product properties during fluid bed granulation 
and provided insight into batch performance. 
The powder characterisation and process analytical technology (PAT) tools applied in 
this work enabled  rapid and non-destructive determination of key powder and granule 
quality attributes. Even small changes in the material properties during processing were 
detected using the continuous and complementary process analytical measurements. 
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1 Introduction 
The manufacturing of the most widely used dosage forms, tablets, is typically preceded by 
other processes such as blending and granulation. Achieving the required intermediate 
product quality during pre-processing is of fundamental importance in terms of ensuring 
the end product quality. Thus, analysing the intermediate products and implementing 
continuous analytics to their manufacturing processes has become an important field of 
study during the past decade. In general, empirical approach to pharmaceutical 
development has made way to a more scientific approach in the recent years. 
The key product properties to monitor in granulation processes are the moisture 
content and particle size distribution (PSD) of the product. Also the moisture profile 
during the process has been shown to play a role in tablettability (Hartung et al., 2011). 
Research in the field of PAT has been particularly active since the US Food and Drug 
Administration (FDA) started promoting it ten years ago (FDA, 2004). Relatively 
recently, the focus has expanded to Quality by Design (QbD), an approach aiming at 
building quality into products by systematic planning of operations based on product and 
process understanding (ICH, 2009). To deliver the full potential of QbD, improved 
understanding of materials and processing is needed. This can be reached by developing 
automated analytical methods that are suitable for continuous on-line or in-line monitoring 
of processes. 
NIR spectroscopy has become the most widely studied and used PAT tool during the 
past decade due to its wide applicability to characterisation of both physical and chemical 
properties (De Beer et al., 2011, Saerens et al., 2014, Rosas et al., 2014, Otsuka et al., 
2014). It is also gaining ground in process monitoring in the pharmaceutical industry 
(Ward et al., 2013, Wahl et al., 2014). However, the interpretation of NIR spectra can be 
challenging due to the combination of chemical and physical information. Thus, process 
analytics would benefit from complementary tools, particularly those providing direct 
visual information on the materials during processing. Image analysis has been widely 
used for particle size characterisation but the applicability of many image features, such as 
brightness as well as the qualitative information obtained from images have not attracted 
much attention. 
Improved material and process understanding is also the key to successful 
development of robust continuous manufacturing processes tolerant to variation. The 
aspiration of the pharmaceutical industry to move towards automated and continuous 
processes requires rapid, representative and automatable PAT tools which do not disturb 
the manufacturing process. 
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2 Review of the literature 
2.1 Pharmaceutical powders 
Powders are the most common starting materials in pharmaceutical manufacturing. 
Pharmaceutical powders include both active pharmaceutical ingredients (API) and 
excipients. The variety of the physico-chemical properties of different API and excipients 
is enormous and the powder properties play a key role in manufacturability and quality of 
solid dosage forms (Table 1). To improve flowability and minimize segregation, powders 
typically need to undergo granulation before tableting. 
Table 1. Connection between powder properties and processing and product quality attributes 
(modified from Hlinak et al., 2006).  
Property Blending Flowability Wetting Drying Mechanical Dissolution 
Particle size 
distribution 
x x x x x x 
Particle shape 
distribution 
 x     
Density  x x  x  
Surface area x x x x x x 
Surface energy x x x    
Pore size 
distribution 
  x x  x 
Static charge x x     
Amorphous 
content 
  x    
Hygroscopicity  x  x   
 
2.1.1 Particle size and shape 
Particle size is among the most important particle properties affecting practically the 
whole manufacturing process: mixing (Swaminathan and Kildsig, 2002), granulation 
(Shiraishi et al., 1995) and tableting (Yajima et al., 1996, Sun and Grant, 2001). Typical 
median granule size in tableting is 350–700 µm (Armstrong, 1997). Since the particle size 
of the vast majority of APIs and excipients is significantly smaller than this and the 
particles have varying morphology, granulation is typically needed. 
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2.1.2 Flowability 
Flowability is affected by both particle and inter-particle properties (Staniforth, 2007, 
Teunou et al., 1999). These include the physical properties of the powder, such as particle 
size, shape and size distribution. Particles larger than 200–250 μm usually flow freely 
while fine particles smaller than 100 μm are generally prone to poor flowability due to 
cohesion. Moreover, narrow PSD improves flowability (Liu et al., 2008) and decreases 
segregation (Gauthier et al., 1999). The interparticle adhesion is influenced by the particle 
surface properties such as texture, surface chemistry, adsorption layers, and contact area 
(Karra and Fuerstenau, 1977, Bailey, 1984, Visser, 1989, Zeng et al., 2000, Li et al., 
2004). These properties affect intermolecular forces, such as van der Waals forces, local 
chemical bonds, electrostatic charges, and bridging forces and surface liquid capillary 
attractions (Li et al., 2004, Hassan and Lau, 2009). Depending on the material, moisture 
can either improve or, more often, deteriorate flowability (Crouter and Briens, 2014, Faqih 
et al., 2007, Teunou et al., 1999). 
Different methods are typically needed to characterise different aspects of powder 
flowability (Krantz et al., 2009). Due to the large number of factors influencing the flow 
rate of a powder, only a few direct methods for measuring flowability of powders have 
been developed (Crowder and Hickey, 1999, Jiang et al., 2009, Ruppel et al., 2009). 
2.1.3 Moisture content and wetting 
Powder moisture content also plays a role during solid dosage form manufacturing. The 
water sorption mechanism into the solid is defined by the crystal and porous structure, 
water-solubility and the ability to form crystal hydrates (Dawoodbhai and Rhodes, 1989). 
The water sorption and desorption behaviour of a material is described by water sorption 
isotherms at constant temperature (Labuza, 1968). The equilibrium moisture content at a 
given relative humidity and temperature is the moisture content at which water sorption or 
desorption is absent. The equilibrium moisture content describes maximum water sorption 
capacity of a material. 
Four types of interaction between water and crystalline solids exist: 1) adsorption on 
the particle surfaces, 2) capillary condensation to the microporous regions, 3) crystal 
hydrate formation and 4) deliquescence (Zografi, 1988, Ahlneck and Zografi, 1990). The 
ability of the water to enter and leave the crystal unit cell depends on the stoichiometry, 
position of the water molecules and the interaction strength. Porous amorphous or partially 
amorphous materials are typically capable of absorbing and releasing large amounts of 
water, which can be located either inside the particles between fibres or outside, 
condensed in capillaries or adsorbed to surface. 
2.2 Fluid bed granulation    
The most commonly used pharmaceutical wet granulation methods are fluid bed 
granulation and high shear granulation with subsequent fluid bed drying (Schaefer, 1988, 
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Wørts, 1998). Fluid bed granulation consists of mixing, liquid addition and drying and is a 
complex process influenced by formulation, equipment and process parameters (Parikh, 
2009). However, if all the variables can be controlled, fluid bed processes provide a rapid 
single-unit method for transforming powders into a form that better meets the needs of the 
next manufacturing steps. Fluid bed granulation enables good drug content uniformity at 
low drug concentrations, as well as control of product bulk density (dbulk) and ultimately 
compactibility (Faure et al., 2001). 
2.2.1 Granule formation 
Granule formation includes three consecutive and partly overlapping phenomena: 1) 
wetting and nucleation, 2) consolidation and growth and 3) breakage and attrition (Ennis 
and Litster, 1997, Iveson et al., 2001, Bouffard et al., 2005). Collisions and coalescence of 
the surface-wetted particles lead to nucleation and granule growth through liquid bridge 
formation (Figure 1). Breakage and attrition occur especially when liquid is removed from 
the granules during drying. When studying the phenomena occurring during fluid bed 
granulation, the process is typically divided into two thermodynamically distinct stages: 
liquid spraying and drying. 
 
 
Figure 1. Formation of granules during fluid bed granulation. 
2.2.2 Process parameters  
Numerous process parameters play an important role in fluid bed granulation affecting 
granule size and size distribution (Table 2) (Parikh, 2009). Many of the parameters are 
interdependent, making full control of fluid bed granulation challenging. Higher inlet air 
humidity and liquid spraying rate increase median granule size by promoting liquid bridge 
formation (Davies and Gloor, 1971, Schaefer and Wørts, 1978, Schaafsma et al., 2000, 
Faure et al., 2001). By contrast, higher inlet air temperature and flow rate typically limit 
growth through increased surface drying (Lipps and Sakr, 1994, Rambali et al., 2001). 
Higher nozzle atomisation pressure produces smaller binder droplets and hence leads to 
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smaller granules with narrower PSD (Merkku et al., 1993, Juslin et al., 1995a, Juslin et al., 
1995b, Yu et al., 1998, Hemati et al., 2003, Bouffard et al., 2005). 
Table 2. Key material, process and equipment variables affecting granule quality in top-spray 
fluid bed granulation (modified from Burggraeve et al., 2013).  
Starting material Granulation liquid Process parameter Equipment 
Particle size and size 
distribution 
Binder type Inlet air humidity Nozzle position 
Particle shape Binder concentration Inlet air temperature Nozzle type and 
number of spray 
heads 
Wettability Viscosity Inlet air volume Air distributor plate 
design 
Moisture content Solvent Liquid spray rate Bowl shape 
Cohesiveness  Nozzle atomisation 
pressure 
 
  Mass temperature  
  Drying time  
2.2.3 Material properties 
The interaction between water and solid plays a key role in the granulation, wetting and 
drying behaviour of different materials. Some of the preferred starting material properties 
include small particle size, narrow size distribution, low density, spherical shape, minimal 
cohesiveness and stickiness (Parikh, 2009). Good wettability also promotes granule 
formation by enabling liquid bridge formation between particles (Faure et al., 2001). The 
solubilisation of the starting material in the granulation liquid induces granule growth. 
Water absorption and liquid bridge formation near the critical relative humidity is rapid 
(Kirsch et al., 2011). In these conditions, the thickness of the adsorbed liquid layers is 
sufficient (Schaafsma et al., 1999). Moreover, time-dependent mass transfer from the 
material to the liquid bridge solidifies the bridge. Granule growth occurs until the wetting 
saturation is reached and the amount of binder liquid at the agglomerate surface becomes 
too low for forming new liquid bridges (Schaafsma et al., 1998). 
Porosity of the starting material, e.g. starch and cellulose, also greatly influences 
granulation through decreasing the free surface water amount (Schaafsma et al., 1998). 
Hence, more liquid is needed when absorbing materials are granulated (Schaefer and 
Worts, 1977, Schinzinger and Schmidt, 2005). 
The binder properties, including viscosity and concentration, type and amount also has 
an impact on the final product properties (Davies and Gloor, 1972, Faure et al., 2001, 
Rohera and Zahir, 1993, Alkan and Yuksel, 1986). An increase in viscosity typically 
produces larger granules resulting in increased agglomerates. The optimal binder type and 
amount depends on the formulation. The initial wetting conditions determine the granule 
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size distribution (Faure et al., 2001). The wetting conditions depend on the surface 
roughness and area of the solid, particle porosity and powder packing. 
2.2.4 Drying 
Drying includes heat transfer to the granules to remove moisture and moisture mass 
transfer as vapour into the surrounding gas (Parikh, 2009). Drying rate depends on the 
factors influencing heat and mass transfer. Free moisture content is the amount of liquid 
that can be readily evaporated in specified conditions. The equilibrium moisture content is 
the liquid amount that cannot be removed from the product in the same conditions. Fluid 
bed drying is a very rapid process due to the product being suspended in hot air. The 
drying rate depends primarily on drying capacity of the inlet air, ie. its relative humidity, 
temperature and flow rate (Faure et al., 2001). 
Water removal during fluid bed drying is characterised by three consecutive phases 
(Figure 2) (Parikh, 2009). First, the mass temperature increases to approximately the wet 
bulb temperature of the surrounding air, which then remains constant until all surface 
water has been evaporated. Drying is finalised by a subsequent temperature increase. The 
earlier approaches to monitor drying and determine the drying end-point include sample 
weight loss on drying (LOD) and bed temperature. However, the LOD method typically 
requires stopping the drying process for the duration of the measument to avoid 
overdrying. On the other hand, controlling drying based on temperature requires prior 
product understanding and does not provide direct information on the moisture content of 
the granules. Moreover, these methods do not provide accurate information on the change 
in the moisture content during drying. Recent approaches to monitor the whole granule 
drying process utilise in-line NIR spectroscopy (Nieuwmeyer et al., 2007a, Peinado et al., 
2011). However, acquiring spectra from moving powders posed challenge to appropriate 
data pre-processing and evaluation of measurement repeatability. Moreover, the major 
water peak at 1930 nm was outside the measurement range in the study by Nieuwmeyer 
and colleagues (2007a).    
 
Figure 2. Granule mass temperature profile during fluid bed drying (adapted from Parikh, 2009). 
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In a successful granulation process, the liquid bridges formed between particles during the 
spraying phase solidify during drying (Schaafsma et al., 1998). However, insufficient 
liquid bridge strength leads to rapid granule attrition when solvent is removed 
(Nieuwmeyer et al., 2007b).  
2.3 Image analysis 
2.3.1 Image analysis in powder characterisation 
Utilisation of direct image information in powder technology and pharmaceutical 
development has increased during the past two decades with the digitalisation of images, 
improved image resolution and computer capacity and automated data processing 
applications (Almeida‐Prieto et al., 2006). The early applications of image information 
focus on the characterisation of particle size, size distribution and morphology of 
dispersed and stationary samples, typically by optical or scanning electron microscopy 
(Allen, 2003, Hellén and Yliruusi, 1993, Hellén et al., 1993). However, microscopy-based 
measurements from dispersed samples are time-consuming, and the challenge of 
representative sample preparation is a major source of error (Iacocca and German, 1997). 
Until rather recently, the systematic use of image information in powder technology and 
pharmaceutical development was rather limited apart from static and dynamic image-
based particle size analysers measuring dispersed particles (Bonifazi et al., 2002, Huang 
and Esbensen, 2000, Eggers et al., 2008, Liao and Tarng, 2009, Wang et al., 2008). 
Automated dynamic image analysis has enabled the particle size measurement of a large 
number of particles (Besenhard et al., 2014, Patchigolla and Wilkinson, 2009, Sandler and 
Wilson, 2010, Yu and Hancock, 2008). Modern image-based powder characterisation 
methods aim at rapid measurement of a large number of particles, preferably from 
undispersed powders. An image-based method for measuring the PSD from undispersed 
granule samples was introduced by (Laitinen et al., 2004, Laitinen et al., 2002, Laitinen et 
al., 2003). The method was based on grey scale difference matrix (GSDM) and enabled 
particle size measurement from undispersed samples without sample treatment.  
 
2.3.2 Three-dimensional images 
Images reduce the three-dimensional (3D) reality into only two dimensions, resulting in 
loss of information on e.g. surface texture. Hence, reconstructing the 3D surface of a 
sample is beneficial in terms of accurate characterisation and visualisation of the 
morphology, particle size and surface texture (Pons et al., 1999) (Figure 3). Approaches to 
3D imaging include passive triangulation methods (e.g. conventional stereo), passive 
photometric methods (e.g. shape from shading), active triangulation methods (e.g. 
structured-light) and active photometric methods such as photometric stereo (Scharstein 
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and Szeliski, 2002, Scharstein and Szeliski, 2003, Horn, 1970, Woodham, 1980, Lu et al., 
2013, Horn and Brooks, 1989). A thorough description of the methods for 3D image 
reconstruction can be found in the literature (Seitz et al., 2006, Vogiatzis and Hernández, 
2010, Wöhler, 2013). Recent applications of 3D surface imaging in particle size and shape 
analysis include on-line microscopic imaging, stereoscopic imaging and digital 
holography (Kempkes et al., 2010, Khanam et al., 2011, Wang et al., 2008). 
 
Figure 3. Two-dimensional (left) and three-dimensional (right) images of the same granules. 
2.3.3 Photometric imaging 
Photometric imaging is based on the concept of photometric stereo, which is a technique 
for estimating the surface normals of materials. The surface normals are obtained by 
varying the illumination angles (Woodham, 1980). In the photometric imaging approach, 
the 3D surface can be reconstructed by using different viewing angles (Russ, 2010) or 
with lateral illumination (Pons et al., 1999). Lateral illumination produces shades that 
reveal the surface texture of a sample (Figure 4). Advantages of photometric stereo 
include ease of identifying corresponding points in successive images due to constant 
viewing angle, which improves the accuracy of results. Moreover, the object shape can be 
described in terms of surface orientation. The photometric stereo approach has been used 
for measurement of the PSD of granules and pellets (Burggraeve et al., 2011a, Sandler, 
2011, Fonteyne et al., 2012). In a recent study, the surface roughness of tablets measured 
by photometric 3D imaging was employed for the prediction of tensile strength of tablets 
(Halenius et al., 2014). 
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Figure 4. Reconstruction of three-dimensionality by photometric imaging (modified from Laitinen 
et al., 2002). 
2.4 NIR spectroscopy 
 
NIR spectroscopy operates at the NIR region of the electromagnetic spectrum, i.e. 
780―2500 nm or 12821―4000 cm-1 (Burns and Ciurczak, 2007). Molecular absorption 
in these wavelengths is primarily caused by overtones and combinations of fundamental 
vibrations of polar groups such as O-H, N-H, S-H and C=O bonds (Siesler et al., 2008). 
NIR spectroscopy follows the Lambert-Beer law (Equation 1): 
 
(1)      
  
 
       
 
where  
I0 is the intensity of the incident light 
I is the intensity measured after passing through the sample 
A is absorbance 
a is the absorption coefficient or the molar absorptivity 
b is the path length 
c is the concentration of the absorbing material 
 
The interpretation of NIR spectra can be challenging due to the broadness of the overtone 
and combination bands. Moreover, NIR spectroscopy is influenced also by physical 
factors, such as particle size and crystallinity (Blanco et al., 1999, Blanco and Villarroya, 
2002). Small particles scatter more and absorb less radiation than large particles (Barnes et 
al., 1989). Multivariate analysis is typically required to extract the desired chemical 
information. Careful selection of calibration samples and methods is important when using 
NIR spectroscopy. 
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The typical materials measured by NIR include water, carbohydrates, proteins and fats. 
Material identification, blending uniformity, particle size and moisture content are among 
the common pharmaceutical applications (Vanarase et al., 2010, Ward et al., 2013, 
Rantanen et al., 2001b, Fonteyne et al., 2014, Grout, 2014). NIR spectroscopy is a rapid 
and non-destructive technique providing both qualitative and quantitative physical and 
chemical information without the need for sample preparation. It is very sensitive to water 
and its deeper penetration depth compared to mid infrared radiation can be very useful in 
probing bulk materials. Due to these advantages, NIR spectroscopy is particularly useful 
for process analysis. The measurement depth of NIR spectroscopy depends on the 
wavelength, instrument settings, sample presentation and physical and chemical properties 
of the sample (Berntsson et al., 1998, Shi and Anderson, 2010). The penetration depth 
varies between 0.5–2.4 mm in powders and tablets at wavelengths 1050–1620 nm (Shi and 
Anderson 2010). 
NIR spectrometer has to be calibrated before quantitative analysis. The calibration 
process typically includes 1) Selecting a representative calibration sample set, 2) Spectra 
acquisition and determination of reference values, 3) Multivariate modeling 4) Model 
validation (Reich, 2005). Chemometrics aims at producing good data through design of 
experiments and extracting relevant information from data through mainly multivariate 
data analysis (Rajalahti and Kvalheim, 2011). Pre-treatment of spectroscopic data is 
typically needed prior to data modelling. Pre-treatment removes irrelevant physical 
phenomena in the spectra and improves the data model. Choosing a pre-treatment method, 
which is suitable for the data set as well as the subsequent modelling step, is thus of key 
importance. Attention should be paid to not remove any important spectral information. 
The most widely used methods for NIR data pre-treatment include scatter correction and 
derivatives (Rinnan et al. 2009). Typical methods for reducing particle size effects are 
multiple scatter correction (MSC) and standard normal variate (SNV) (Dhanoa et al., 
1995, Roggo et al., 2007). Also derivatives or detrending can be used for data processing 
(Pasikatan et al. 2001). Also appropriate data visualisation is important. Multivariate 
projection techniques enable sample classification, simplification of complex data and 
prediction of outcome and make thus visualisation easier. The most common methods are 
principal component analysis (PCA) and partial least-squares (PLS) regression (Jackson, 
2005, Rajalahti and Kvalheim, 2011, Wold et al., 2001). 
PCA is a dimension reduction technique. It transforms observations of correlated 
variables into a set of independent principal components. The first principal component 
accounts for as much of the systematic variability in the data as possible and each 
succeeding component contains as much of the remaining variability as possible not 
explained by the prior principal components. Majority of the spectral variability in 
pharmaceutical NIR applications can often be explained by only a few principal 
components. PCA has been widely used for visualising data and in qualitative analysis 
since it can reveal groupings, trends and outliers in the data (Reich, 2005, Rajalahti and 
Kvalheim, 2011). PLS is the most common method in quantitative determination of water 
(Luypaert et al., 2007). Moreover, the different data treatment methods for NIR 
spectroscopy have been described in more detail in review papers (Rajalahti and 
Kvalheim, 2011, Reich, 2005, Roggo et al., 2007, Rinnan et al., 2009). 
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2.5 Process analytical technology 
 
The U.S. Food and Drug Administration (FDA) published a PAT guideline ten years ago 
to promote improved process understanding through encouraging the development of 
process analytical tools in pharmaceutical manufacturing (FDA, 2004). The aim is to 
improve the product quality through shifting the process control strategies from end 
product testing to real-time analyses (Figure 5). Since then, the focus has broadened to 
QbD introduced in the ICH Q8 guidance (ICH, 2009). QbD is an concept of building 
quality into products (Juran, 1992). The pharmaceutical industry is shifting from the 
traditional approach towards QbD. The QbD approach involves planning products and 
operations based on systematic and scientific product knowlegde and process 
understanding rather than using specifications based on empirical batch history. PAT, 
most typically NIR spectroscopy, can improve process understanding through providing 
continuous information on the material properties during processing. With appropriate 
process analytics, the QbD approach enables robust processes within design space that are 
tolerant to variation in the material and process parameters. 
 
Figure 5. Process control strategy implementation levels (modified from Lawrence et al., 2014). 
Continuous process measurements have become increasingly popular in pharmaceutical 
research and development. They are necessary for QbD and continuous manufacturing 
processes. However, moving sample and probe fouling often compromise the 
measurement accuracy. Moreover, probes inserted into the equipment can disturb the 
material movement in the process. Numerous PAT tools for monitoring pharmaceutical 
granulation and pelletisation processes have been developed and will be discussed in the 
next chapter. Process measurements can be done without collecting a sample by probing 
the process (in-line) (Figure 6). On-line measurements are made from samples diverted 
from the process stream and returned to the process after the measurement. At line 
measurements involve collecting samples from the process and measureing them in close 
proximity of the process. 
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Figure 6. Process monitoring using PAT tools A) in-line B) on-line C) at line. 
2.5.1 Traditional process measurements in fluid bed granulation 
Measuring key granulation process attributes in a continuous fashion can provide valuable 
information on the product performance during the process. Air flow rates, relative 
process air humidity and temperature have been measured continuously and used for 
monitoring process trends earlier (Rantanen et al., 2000, Räsänen et al., 2004). Variation 
in the inlet air humidity has been shown to be reflected on the temperature measurements 
within and between batches (Lipsanen et al., 2007). A fluidisation parameter has also been 
defined based on the relationship of inlet airflow rate and turbine fan speed. It was able to 
identify risk factors and to predict process failure such as over-fluidisation, improper 
fluidisation and bed collapse. The authors suggested that the fluidisation parameter could 
be used as part of a control system to optimise the air flow rate and to evaluate if the 
process is within its design space.  
2.5.2 Particle size and moisture content measurement during fluid bed 
granulation 
Particle size and moisture content are the most important material quality attibutes to 
monitor during fluid bed granulation. They have been studied by NIR spectroscopy 
(Alcala et al., 2010, Findlay et al., 2005, Frake et al., 1997, Nieuwmeyer et al., 2007a, 
Rantanen et al., 2001b), Focused Beam Reflectance Measurement (FBRM) (Hu et al., 
2008), spatial filtering velocimetry (SFV) (Petrak, 2002, Burggraeve et al., 2010, 
Burggraeve et al., 2011b, Närvänen et al., 2009) and acoustic emission (AE) (Halstensen 
and Esbensen, 2000, Halstensen et al., 2006, Halstensen and Esbensen, 2010, Matero et 
al., 2009, Matero et al., 2010, Matero et al., 2013, Tsujimoto et al., 2000). Also microwave 
resonance technology has attracted some interest (Buschmüller et al., 2008, Gradinarsky et 
al., 2006, Lourenço et al., 2011). However, few studies have reported continuous 
measurements of key quality attributes from motionless samples.  
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2.5.3 Image information in powder processing 
Image information has been used for monitoring several powder handling processes. The 
first studies on using images for on-line monitoring of particle size during granulation 
were reported in the 90's (Watano, 2001, Watano and Miyanami, 1995, Watano et al., 
1996, Watano et al., 1997). The image probe consisted of a CCD camera, optical fibers for 
lighting, a telephoto lens and an air purge unit. A stroboscope was used as a light source. 
The image-based mass median particle size and the results of sieve analysis were well in 
accordance, and also the shape factor of the particles was determined. These studies also 
showed that the position of the imaging probe has an impact on the results due to the 
particle segregation in fluid bed granulator. The movement of the sample, probe fouling 
and insufficient fluidisation close to the sampling probe typically make the in-line particle 
size measurements challenging. An attempt to overcome these problems and to gain direct 
visual information on the granulation process by measuring particle size of a static sample 
with an on-line or at-line surface imaging approach have also been studied (Laitinen et al., 
2004, Närvänen et al., 2008, Leskinen et al., 2010, Sandler, 2011). The at-line image 
device used by Laitinen et al. (2004) consisted of a light source and a monochrome CCD 
camera with a lens objective. The particle size was calculated from the surface images 
based on a PLS model between the grey scale difference matrix and sieve analysis. The 
correlation between surface imaging and sieving was good, but the imaging device design 
did not allow it to be used on-line. An on-line method based on constructing a topographic 
image using RGB leds for illumination and a CCD camera for image capture was used for 
determination of the size of individual granules (Närvänen et al., 2008). The particle size 
trend could be calculated and the correlation to sieve analysis was fairly good. Another 
imaging prototype comprising a LED light source, projection optics and a CCD camera 
was used for on-line particle size measurement of fluidised granules (Leskinen et al., 
2010). The potential applications of monochrome photometric imaging e.g. in dry milling 
have been described by Sandler (2011). 
However, image information has been underutilised in process monitoring, focusing 
principally on measuring the particle size of samples either at-line or off-line. If the 
challenges of representative image collection can be overcome, continuously collected 
images can effectively visualise the behaviour of formulations through the processes. 
Recent advances in the utilisation of images in powder process monitoring include 
determination of pellet coating thickness (Kadunc et al., 2014), determination of 
segregation tendency of granules during tableting (Lakio et al., 2012), in-line monitoring 
of PSD and shape of pellets during hot-melt extrusion (Treffer et al., 2014), particle size 
measurement and surface characterisation (roughness and shape) of granules (Fonteyne et 
al., 2012). 
2.5.4 Complementary PAT tools 
Complementary PAT tools refer to the collection of process data using more than one 
PAT tool simultaneously. Complementary PAT tools can be used to maximise the 
information gathered from a process. Combination of complementary process analysers 
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can provide new information on the process or  product during early development and 
scale-up (Burggraeve et al., 2013). The analysers need to be installed so that they provide 
accurate information but do not disturb the process. Well selected PAT tools can ideally 
monitor and control the process at production scale, maintain process robustness, and 
minimise process variability. Examples of complementary PAT tools for granulation 
processess include granulation rate monitoring by the combination of 1) acoustic 
emission, FBMR and NIR spectroscopy (Tok et al., 2008). Particle size and moisture 
content of fluid bed granules have been measured by NIR spectroscopy coupled with 
either SFV or FBRM (Burggraeve et al., 2012). A few studies have also used at-line image 
information as a complementary PAT tool for monitoring granulation (De Beer et al., 
2008, Fonteyne et al., 2012). One of the very few studies utilising on-line or in-line 
imaging compered the particle size obtained by flash topography to acoustic emission and 
NIR in fluid bed granulation (Leskinen et al., 2010). Acoustic emission provided fairly 
precise results over a wide particle size range. Moreover, multi-point NIR and acoustic 
emission methods were able to differentiate between the different phases of granulation. 
However, the image method systematically underestimated the particle sizes by 
approximately 50 µm. The NIR spectra was also affected by varying particle packing. 
Nevertheless, the combination of images and NIR data can provide valuable real-time 
insight into material behaviour during powder processing. Images give direct visual 
information while NIR spectroscopy can capture a wide range of physico-chemical 
changes during the process. 
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3 Aims of the study 
 
The aim of this thesis was to investigate whether modern analytical tools can provide rapid 
and reliable real-time insight into powder performance during solid dosage form 
processing. The spesific aims of the study were: 
 
1. To study the effect of paracetamol loading and physical properties of powder blends on 
the flowability of paracetamol and microcrystalline cellulose (MCC) mixtures using a 
novel small scale flowability measurement device (I) 
 
2. To investigate the applicability of the photometric imaging approach in particle size 
measurement and flow rate screening (II) 
 
3. To study the applicability to use image information in evaluating batch performance 
during fluid bed granulation (III) 
 
4. To gain insight into batch-dependent water sorption and removal kinetics in fluid bed 
granulation by complementary continuous in-line process measurements and on-line NIR 
spectroscopy (IV) 
 
5. To visualise and evaluate particle size and moisture content changes during fluid bed 
granulation using a simplified data analysis approach for NIR spectroscopy  (V)  
 
6. To investigate the feasibility of photometric imaging, NIR spectroscopy and process 
measurements as complementary PAT tools to improve the understanding of batch 
performance during fluid bed granulation (III-V) 
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4 Materials and methods 
4.1 Materials 
4.1.1 Powder mixtures (I) 
Altogether 48 samples consisting of paracetamol (Hawkins Inc, Minneapolis, USA) and 
MCCs (Avicel® PH101, PH102 or PH200, FMC BioPolymer, Little Island, Ireland) were 
prepared under controlled conditions (24±1°C, 50±2% RH). The paracetamol 
concentration ranged from 0 to 25% (w/w) with 2.5% increments. 
4.1.2 Granules (II – V) 
The model formulation in study II consisted of 175 g (5% w/w) of caffeine (Orion 
Pharma, Espoo, Finland), 475 g MCC (Emcocel 50M, Penwest Pharmaceuticals, Nastola, 
Finland), 2200 g lactose monohydrate (Pharmatose 200M, DMV Pharma, Veghel, The 
Netherlands), 500 g pregelatinised starch (Starch 1500, Colorcon, Indianapolis, IN) and 
5% w/w polyvinylpyrrolidone as a binder (PVP; Kollidon K25, BASF, Ludwigshafen, 
Germany). Moreover, three MCCs, Avicel® PH101, PH102 and PH200 (FMC 
BioPolymer, Little Island, Ireland) were used as supplied. 
For the papers III – V, granules consisting of paracetamol (Mallinckrodt Inc, Raleigh, 
NC, USA), MCC (Avicel PH101, FMC BioPolymer, Little Island, Ireland), lactose 
monohydrate (Pharmatose 200M, DMV Pharma, Veghel, The Netherlands) and 7% 
polyvinylpyrrolidone (PVP, Plasdone K25, ISP Technologies Inc, Wayne, USA) were 
manufactured. The drug amount was kept constant at 5% (w/w) in all formulations and the 
ratios of the fillers are shown in Table 3. 
Table 3. Filler proportions in the granule batches for studies III–V. 
Batch Lactose (%) MCC (%) 
I 100 0 
II 75 25 
III 50 50 
IV 25 75 
V 0 100 
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4.2 Unit operations 
4.2.1 Mixing (I) 
The binary powder mixtures for the flowability study were mixed in 100 ml glass 
containers using a laboratory-scale Turbula® mixer at 22 rpm (Willy A Bachofen AG, 
Basel, Switzerland). 
4.2.2 Granulation (II – V) 
The granules studied in the paper II were manufactured with a bench-scale fluidised bed 
granulator (Glatt, WSG 5, Glatt Gmbh, Binzen, Germany). The batch size was 3500 g and 
the binder liquid contained 8.75% PVP. Depending on the batch, the inlet air temperature 
was between 30–50ºC, nozzle spraying pressure was 1, 1.5 or 2 bar and granulation liquid 
flow rate 160, 175 or 190 g/min. The flow rate of inlet air ranged from 0.04 to 0.06 m
3
/s. 
Twenty-eight successful batches were used in this study and will be referred to as granules 
R1–R28. The granulation process has been thoroughly described earlier (Laitinen et al., 
2004). 
For the papers III–V, eight granule batches were manufactured with an instrumented 
bench-scale fluidised bed granulator (Glatt, WSG 5, Glatt Gmbh, Binzen, Germany). The 
batch size was 3000 g and the batches were granulated using 1500 g of 15% (w/w) 
aqueous PVP solution as a binder. The spraying rate was 77 g/min, atomisation pressure 
was 0.15 MPa and the nozzle height 45 cm from the distributor plate. The inlet air 
temperature was 40°C during mixing and spraying and 60°C during drying. The inlet air 
flow rate was adjusted depending on the formulation to obtain optimal fluidisation. 
4.3 Powder characterisation 
4.3.1 Flowability (I-II) 
The flowability of the samples (n=5) was studied using FlowPro instrument (SAY Group, 
Helsinki, Finland) in controlled conditions (24±1°C, 50±2% RH). The samples were 
sieved through a 1 mm sieve before the experiments. The funnel of the instrument was 
cleaned with dry pressurised air prior to each measurement. When samples containing 
magnesium stearate were measured, the funnel was washed after experiments in order to 
prevent magnesium stearate from coating the funnel. 
The flow rate of the 28 granule batches and three grades of MCC (Avicel PH101, 
PH102 and PH200) were measured with the photometric 3D imaging method described in 
the chapter 4.3.2.1. The sample was weighed and fed into a cuvette through a hopper, and 
the images were taken. The bottom of the cuvette was opened for 0.3 seconds every two 
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seconds. All samples were measured three times. The flow rate of the samples was 
calculated by dividing the mass of the sample by the  time it took the sample to flow 
through the instrument. 
4.3.2 Particle size (I–III) 
4.3.2.1 Photometric 3D imaging (II–III) 
In study II, the PSD of 28 granule batches were determined using a photometric 3D 
surface imaging method (Flashsizer FS3D, Intelligent Pharmaceutics Ltd, Helsinki, 
Finland). The samples are fed into a chute through a hopper (orifice diameter 40 mm), and 
the particle size is recorded with 5 s intervals. The number of images and particles 
measured depends on the shutter opening velocity and the flow rate of the powder. In this 
case, on average 30 images were taken per batch. The number of particles per image 
measured varied from 600 to 1600. Approximately 300 g of each granule batch was 
analysed (n=3). The sampling for the granules was made using a rotary sample divider 
(Fritsch Sample Divider Laborette 27, Idar-Oberstein, Germany). 
In study III, the PSDs of the entire granule batches I-V were measured in triplicate 
using the procedure described above. 
4.3.2.2 Sieving (II) 
In study II, the PSD of 28 granule batches were determined by sieve analysis. The 
granules were sieved using Fritsch analysette sieve shaker and sieves (Fritsch GmbH, 
Idar-Oberstein, Germany). The sieving time was 5 min with the amplitude of 6. The sieve 
analyses (range 90–1,400 μm with √2 increment) were performed in triplicate. 
4.3.2.3 Spatial filtering velocimetry (II) 
The spatial filtering velocimetry (SFV) results were obtained using Parsum instrument 
(Parsum IPP 70; Gesellschaft für Partikel-, Strömungs- und Umweltmesstechnik GmbH, 
Chemnitz, Germany) as described earlier (Närvänen et al., 2009). The samples (20 g each, 
n=3) were poured through an orifice (diameter 4 mm) using a funnel and dispersed by 
pressurized air. The number particle size (chord length) distribution was transformed to 
volume PSD for data analysis. 
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4.3.2.4 Laser diffractiometry (I, III) 
The particle size of the raw materials in study I and the PSDs of samples (n=3) obtained 
from batches I-V in study III was determined using Helos laser diffractometer with a 
Rodos disperser unit and vibrational feeder (Sympatec Gmbh, Clausthal, Germany). 
4.3.3 Surface properties (I) 
4.3.3.1 Specific surface area 
The specific surface area measurements were performed using TriStar 3000 gas adsorption 
analyser with argon as an adsorbant (Micromeritics, Norcross, USA, n=2). The samples 
were dried in vacuum at 40°C for 16 hours prior to the measurements. The five-point BET 
theory (Brunauer et al., 1938) was applied to calculate the specific surface areas of the 
samples. 
4.3.3.2 Carrier payload 
Based on the particle sizes of the raw materials, carrier payloads (CP) for the samples 
were calculated according to Equation 2. CP is the ratio between the total projection 
surface area of the drug particles and the total outer particle surface area of the carrier 
particles. A payload below one indicates that the carrier has free surface, while if the CP is 
more than one, the surface of the carrier is compleely covered with the drug particles (Van 
Veen et al., 2005). 
 
(2)    
                        
                                 
 
 
Where m is the mass of the sample, dmean is the mean particle size of a compound and ρ is 
the density of a compound. 
4.3.3.3 Electrostatic charging 
Neutralised samples were charged by sliding powder through a grounded stainless steel 
pipe into a Faraday cup. The length of the pipe was 500 mm and the inner diameter 25 
mm. Prior to the measurements, the pipe was carefully cleaned and placed at the angle of 
55° with respect to surface. The method has been explained in detail previously 
(Murtomaa and Laine, 2000). 
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4.3.4 Bulk and tap density (I, III) 
The bulk and tap densities (dbulk, dtap) of raw m1aterials (study I) and granules (study III) 
were measured by the European Pharmacopoeia method (Erweka Apparatebau GmbH, 
Germany, n=3). Carr’s index and Hausner ratio were calculated from the bulk and tap 
densities.  
4.3.5 Water activity (I) 
The water activity of the raw materials and samples was measured once with AquaLab 3 
(Decagon Devices, Pullman, USA). Raw materials were measured prior to and after 
conditioning and the samples after conditioning.  
4.4 Process monitoring (III–V) 
4.4.1 Real-time photometric imaging 
Each granulation was recorded by a 3D surface imaging device prototype, consisting of a 
camera connected to an automated sampling double-cuvette attached to the granulator 
vessel (Flashsizer FS3D, Intelligent Pharmaceutics Ltd, Turku, Finland) (Figure 7). The 
dimensions of the cuvette were 5*4*1.3 cm and the size of the measurement field was 
1.5×1.1 cm. The sampling interval was five seconds and 300 to 450 images were taken per 
batch depending on the length of the granulation. The number of particles per image 
measured ranged from 600 to 1700. In the sampling cuvette a pulsed air pressure was used 
to return the sample to the process between each imaging time-point. The air pulse also 
cleaned the glass window of the cuvette, preventing window fouling. 
 
Figure 7. The set-up for on-line surface imaging and NIR spectroscopy and at-line sampling  for 
fluid bed granulator. 
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A variant of photometric stereo (Horn, 1970, Woodham, 1980) at two lights was used to 
obtain 3D surface of a sample. The samples were presented to the instrument in a 
continuous feed and imaged through a glass window. The camera was situated 
horizontally to the window and sample surface. The viewing direction was kept constant, 
but the direction of the incident illumination was varied. In the method, the light sources 
were located 180° from each other in a horizontal plane and the angle of illumination was 
30°. The resulting gradient fields obtained with the above-mentioned setup contain direct 
information about surface normal in xz plane and indirect information about surface 
normal in yz plane. Line integration was used in horizontal direction to obtain a 3D 
surface. Peaks on the 3D surface are assumed to be particles. The volume (V) based 
particle size (d) is then calculated from the area of peaks (a) in xy direction: 
 
(3)          
       
 
c in Equation 3 is calibration constant, calibrated with six different-sized (100–1400 μm) 
spherical cellulose particles, cellets (Syntapharm, Mülheim an der Ruhr, Germany).  
4.4.2 Real-time NIR spectroscopy 
NIR spectra were continuously collected from each granulation process through the 
double-cuvette sampler with a NIR spectrophotometer over the spectral range 1081–2250 
nm (Control Development, South Bend, USA). The range used in the data analysis was 
1100 – 2200 mn. The median particle size at each granulation time point was extracted 
from the untreated NIR spectra by plotting the spectral height (i.e. counts) at 1288 nm 
against time. The spectral baseline shifts at this wavelength are attributed to particle size 
changes due to minimal chemical absorption. Moreover, this wavelength has been used for 
particle sizing earlier (Osborne et al., 1981). The particle size corresponding to each 
spectral height was obtained by referencing the NIR particle size curves to the image-
based particle size curves.  
4.4.3 Process measurements 
The 1) inlet air flow rate, 2) inlet air humidity, 3) inlet air temperature, 4) outlet air 
humidity, 5) mass temperature, and 6) outlet air temperature were continuously recorded 
during processing of the batches. The water amounts of the inlet and outlet air were 
calculated from the measured relative humidity and air temperature. The total inlet water 
amount of each process phase was calculated for each batch by multiplying the inlet air 
water amount by the process time.  
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4.4.4 Moisture content of samples 
LOD of samples obtained at the end of the mixing, spraying and drying phase was 
measured by IR-drying (Sartorius Thermocontrol MA 100; Sartorius, Göttingen, 
Germany). The samples were measured in 105°C and the sample weight was 3–5 g. 
4.5 Data analysis 
4.5.1 Partial least squares (I) 
A PLS model using cross-validation was created using the Simca-P software v 10.1. 
(Umetrics AB, Umeå, Sweden) to evaluate how well the physical factors measured 
predicted the measured powder flow behaviour. The predictive abilities of the models 
were described using R
2
 (goodness of fit) and Q
2
 (goodness of prediction) values on a 
scale from 0 to 1. 
4.5.2 Apparent water absorption (IV–V) 
Moisture content was determined from the NIR data using the baseline corrected and 
normalised apparent water absorption (AWA) values. The calculation of AWA is shown 
in equation 4 and has been described earlier (Rantanen et al., 2000). 
 
(4)      
       
  
      
        
  
      
 
      
  
      
        
  
      
 
 
 
 
where I is intensity (x referring to 1998 nm signal, y to 1813 nm signal, and z to 2214 nm) 
and ref is intensity using aluminum plate reference at the corresponding wavelength 
channel. 
4.5.3 Analysis and visualisation of NIR data (IV–V) 
 
Matlab software (MathWorks, Natick, USA) was used for analysing and visualising the 
NIR data. 
In the end of each process, NIR spectrum contains information only on the absorbance 
or diffraction caused by particle size since all water has been removed. Thus, the final 
spectrum reveals the shape of the particle size spectrum of the dry material, which is the 
same at every wavelength. This shape was subtracted from each individual spectrum in 
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order to remove the influence of particle size and reveal the impact of water on the 
spectra. The variance in the amount of absorption that arises from particle size was 
compensated by scaling the shape values to match the spectral intensity. This procedure 
was needed if the particle size was different from the final granule particle size. The 
scaling value at each time point was obtained from particle size determined earlier (1288 
nm). 
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5 Results and discussion 
5.1 Flowability (I–II) 
5.1.1 Powder flow 
The flowability of the binary mixtures of MCC and paracetamol decreased when the 
amount of paracetamol increased, which results from the platelike morphology and small 
particle size of paracetamol. The decrease in flowability was the most notable at low drug 
loading. Additional increase in drug loading above 12.5% did not affect the flowability as 
significantly as at lower concentrations. However, as expected, the flow rate depended 
also on the MCC grade: the samples containing Avicel® PH200 and PH102 had the best 
and the mixtures of PH101 and paracetamol the poorest flowability. Magnesium stearate 
was able to increase the flowability of PH102 and PH200 samples but not the ones 
containing PH101 (Figure 8). 
 
 
 
Figure 8. The effect of paracetamol concentration and magnesium stearate (MS) on the flow rate 
of binary  mixtures of paracetamol and a) Avicel® PH101, b) PH102 and c) PH200.  
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The PLS model revealed that carrier payload and particle size are the most important 
factors influencing the flowability of the binary powder mixtures (Figure 9). Nevertheless, 
all other physical properties measured had an impact on the flow behaviour. In general, the 
powder flow measurements performed provided information on the behaviour and 
similarity of materials. 
 
Figure 9. Variables of importance (VIP) plot of the PLS model for prediction of powder flow. CP 
carrier payload, d90, d50, d10 = descriptors for particle size distribution, SSA = specific surface 
area, ssc = spesific surface charge, Aw = water activity. Terms with larger VIP than 1 are the most 
relevant for explaining flow.  
The phenomena affecting powder flow of the binary mixtures are complex and thus 
several aspects such as tribocharging, carrier payload and surface moisture need to be 
taken into account when assessing powder flow behaviour and choosing suitable 
excipients for formulations. 
If the relationships between these flow measurements and e.g. mass variation during 
tableting or capsule filling can be established, the methods could provide a fast small scale 
screening tool for choosing direct compression excipients and optimal drug loading levels 
to be used in formulations. Modelling the impact of the key powder properties on the 
flowability could enable the optimisation of the formulation parameters to reach the target 
flow rate. 
5.1.2 Granule flow 
The flow rate of the granules obtained during photometric PSD measurement ranged from 
1.6 to 5.9 g/s. The weight variation of tablets decreased with improved granule batch 
flowability until a critical median granule size was reached (Figure 10). Larger median 
granule size has been shown to increase tablet weight variation (Laitinen et al., 2004). 
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Figure 10. Impact of the flow rate of 12 granule batches on the weight variation of corresponding 
tablets. Above a critical granule median size, flowability does not correlate to weight variation 
(R20 and R17).  
5.2 Granule size distribution (I–II) 
The applicability of 3D photometric imaging on measuring PSD of entire granule batches 
was studied (II, III). The results were compared to sieve analysis and SFV (II) (Figure 11) 
and laser diffractometer (III). The Pearson’s correlation values for the d10, d50 and d90 
values were: image vs. sieving (0.55, 0.82, 0.84), image vs. SFV (0.95, 0.82, 0.34) and 
SFV vs. sieving (0.72, 0.64, 0.35). Generally, the best correlation is between the d10 and 
d50 values of SFV and image. Sieving in general indicates a shift towards the smaller size 
compared to the other techniques due to the friability of the brittle granules. By contrast, 
the larger d90 values measured by SFV in comparison to the other techniques are likely to 
arise from SFV interpreting two middle-sized particles as one large granule. 
By contrast to SFV, photometric imaging is often able to recognise agglomerates as 
different particles. Also, the measured chord length distribution in SFV depends on the 
orientation and location of a granule, which results in a broader PSD (Närvänen et al., 
2009). 
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Figure 11. The d50 particle size values of 28 granule batches measured by photometric imaging, 
SFV and sieve analysis. 
Compared to laser diffractometer, photometric imaging generally suggests larger particle 
sizes for granules containing MCC. However, the d50 values of lactose granules obtained 
from images and laser diffraction are rather similar, 881 µm and 827 µm, respectively. 
The deviation between the methods generally grows with increasing MCC proportion and 
presumably originates from the breakage of the fragile MCC-containing granules during 
handling, sampling and laser measurements. Vibratory impact can reduce particle size and 
high laser diffractometer dispersion pressure leads to size reduction of fragile granules 
(Antonyuk et al., 2006, Silva et al., 2013). 
Some of the deviation between the different methods arises from their different 
measuring principles and the fact that they generally assume the particles to be smooth and 
spherical (Andres et al., 1996, Shekunov et al., 2007). Thus, a considerable strength of 
surface imaging compared to laser diffraction is that the reliability of the results can easily 
be evaluated from the images. Another advantage of the photometric method is that the 
samples are presented to the instrument in a continuous feed and a large amount of 
granules can be analysed without sampling. Moreover, the analysed sample can be used 
for other purposes after the analysis due to the non-destructive nature of the imaging 
procedure. The sieving process wears down granules and can cause tribocharging of 
especially small granules leading to errors in the particle size results. On the other hand, 
shades inside an irregular particle may lead to the imaging instrument interpreting the 
particle as more than one. The misinterpretation could potentially be reduced with 
improved instrument resolution or lightning. 
Moreover, the 3D figures demonstrate the usefulness of image information in powder 
and granule characterisation. The figures do not only show the particle size of the granules 
but also the morphology and surface texture. They also give an idea on the PSD and 
packing behaviour of the granules (Figure 12). 
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Figure 12. Three dimensional images provide information on particle size distribution, surface 
texture and granule packing. 
5.3 Monitoring granule formation by photometric imaging (III) 
During fluid bed granulation, lactose forms granules rapidly and majority of the growth 
occurs during the first 2–3 minutes of spraying (Figure 13). However, introduction of 
MCC into the formulation slows down the granule growth rate leading to a rather constant 
growth throughout the spraying phase. When granulation liquid has been sprayed for one 
minute, agglomeration of lactose has begun but the majority of the formulation is 
powdery. The MCC batch remains very powdery after one minute of spraying. After three 
minutes of spraying, MCC has formed a fluffy yet powdery mass while lactose is mainly 
granular. At the end of the spraying phase, MCC has formed very weak agglomerates. The 
granulation behaviour of all binary formulations is relatively similar but the particle size 
reducing effect of increasing amounts of MCC can be seen in the images. The granule 
growth reducing effect of MCC is particularly clearly visible in the images captured from 
batch II: relatively decent granules are formed but the growth is slow. 
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Figure 13. Granule formation and particle size during fluid bed granulation evaluated by 
photometric imaging of batches I–V (a-e, respectively). 
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In the drying stage, the lactose granules retain their particle size with only slight 
diminution in the end (Figure 13a). By contrast, batches containing MCC are characterised 
by a rapid size reduction, which accelerates with increasing MCC amount, after the 
granulation liquid feed is stopped (Figure 13b–e). The final granule size of batches 
containing MCC ranges from 180 to 200 µm compared to 470 µm for lactose. The final 
particle size in batches that contain at least 50% MCC is also very close to that of the 
initial powder. Attrition of formulations containing a large amount of MCC compared to 
lactose has been earlier explained to result from the longer drying time of MCC (Rantanen 
et al., 2001a). However, the current surface imaging approach revealed that the MCC 
granule breakage takes place immediately when drying is started. The particle size of 
batches IV and V decreases rapidly during drying until almost the initial starting material 
particle size is reached (Figure 13d–e). Approximately at the same time, the mass 
temperature begins to increase faster (Figure 14a) and the outlet humidity begins to 
decrease after the initial increase (Figure 14b). Thus, fast breakage of the granules appears 
to occur as long as water is rapidly removed from the mass. Fines have been reported to 
form when the bulk water content is below 6% (Bika et al., 2005). Further drying also 
accelerates the formation of fines. By contrast, at water contents higher than 6% fines 
formation is negligible. 
 
Figure 14. Granule bed temperatures of batches I–V during the drying phase (a) and absolute 
outlet humidity of the granulator during granulation (b). 
Compared to the photometric method, NIR spectroscopy suggests smaller particle sizes in 
the spraying phase and faster size reduction of batch I during drying (Figure 15). The 
attrition behaviour of the other formulations was similar in both methods. At the end of 
the spraying phase, the median granule size in batch I measured by NIR spectroscopy and 
images was very similar. However, images suggest larger particle sizes for the other 
batches and the difference between the methods grows with increasing MCC proportion. 
The final particle sizes of batches I–III measured by NIR correlate well with the image 
data but the images gave again larger results for the batches IV and V. Based on these 
findings, the surface imaging method can efficiently calculate the particle size of dense 
and well-packing granules. However, the accuracy of the particle size measurements 
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decreases when poorly-packing powders are measured. Yet, the particle size trends can be 
followed by the imaging method throughout the granulation process. 
 
Figure 15. The median particle size of each granule batch measured by on-line NIR spectroscopy 
at the wavelength 1288 nm. 
The current results suggest that already a minor amount of MCC absorbs the granulation 
liquid so rapidly that adequate liquid bridge formation between the colliding particles is 
hindered. Thus, the liquid bridges are broken during drying before the particles can form 
solid bridges. Moreover, in formulations containing water soluble filler and binder, the 
solid bridges are formed by coprecipitation of the filler and polymer (Bika et al., 2005). 
Thus, the disparity between lactose and MCC in the drying step is likely to arise partly 
from lactose and PVP coprecipitating to form strong solid bridges unlike the non-water 
soluble MCC. The ability of binders to bind different fillers also varies (Bika et al., 2005). 
It has been proposed that granule growth behaviour can be divided into two groups: 
steady and induction growth (Iveson and Litster, 1998). Steady growth is typical for 
deformable and weak granules that have a large contact area. By contrast, slowly 
consolidating granules are not able to form a strong bond due to insufficient deformation. 
Thus, the collided granules break apart rapidly leading to an induction period with little or 
no granule growth. In the light of this theory, rapid growth appears to be typical for lactose 
and induction growth for MCC.  
5.4 Continuous moisture measurements (IV) 
This chapter describes and discusses the use of AWA and water balance as continuous 
moisture analysis methods during fluid bed granulation. The chapter is divided to 1) 
lactose, 2) MCC and 3) their mixtures to highlight the characteristic behaviour of the 
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different materials. General remarks on the different measurement techniques are 
discussed at the end of this chapter.  
5.4.1 Lactose 
The water contents of the batch 1 samples are generally very close to water balance, 
except for the sample taken five minutes before stopping the process (Figure 16). 
Moreover, the AWA and water balance of batch 1 are generally rather similar (Figure 
17a). The saw tooth structure of the AWA curve results from granule drying and thus the 
higher edge of the curve describes the moisture content. The overall similarity between the 
methods indicates that practically all added water is rapidly removed from the lactose 
granules during the measurements. The rapid dehydration of lactose surfaces upon drying 
is likely to explain this (Ticehurst et al., 1996). The rapid drying arises from water filling 
the empty spaces in lactose instead of being strongly bound (Clydesdale et al., 1997). 
 
Figure 16. Water balance (solid lines) and sample moisture content (circles) measured by infrared 
drying in batches 1–5 during granulation. 
During the last minutes of the process, the AWA and LOD values are similar but slightly 
lower than the water balance (Figure 16, 17a). The proximity of the sample moisture 
contents collected at the end of the process and five minutes before the end indicates that 
granule drying was complete already a few minutes before the end. The batch also reached 
a constant bed temperature, which is an indicator of completed drying, at the same time-
point in an earlier study (Figure 14a). Both the AWA and LOD measure water content 
directly from the granules whereas the water balance is the amount of water in the process. 
The higher water balance values suggest that water has been removed from the granules 
but not yet from the granulator. The residual water could thus be in the process air or 
condensed in the filter bags. 
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Figure 17. Water balance and apparent water absorption (AWA) of batches 1–5 (a–e, 
respectively). 
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The slopes of the water balance and AWA curves in batch 1 decrease notably after 
approximately 10 minutes of liquid spraying (Figures 16 and 17a). A similar phenomenon 
is visible in the NIR moisture content measured during the granulation of batch consisting 
principally of lactose (Otsuka et al., 2014). The observed transition is likely to result from 
the wetting saturation of lactose being reached, which could lead to lactose surfaces 
dissolving in the adsorbed water (Kontny and Zografi, 1995, Schaafsma et al., 1998). An 
increased outlet air humidity, which indicates decreased moisture sorption by the 
formulation, at the same time point (Figure 14b). Moreover, the water balance transition at 
the end of the drying phase (at around 30 min) occurs at the same time with the bed 
temperature reaching a plateau. 
5.4.2 MCC 
In the batch 5, the LOD values are generally lower compared to water balance (Figure 16). 
The difference is the most pronounced in the end of the spraying phase, approximately 
5%, which is close to the amount of bulk water in MCC. Since the correlation between 
LOD and water balance is generally better in the early spraying phase, processing appears 
to change the structure of MCC in a manner that contributes to water retention in the 
matrix. The conclusion is supported by practically complete water removal unprocessed 
MCC wetted with PVP solution (Table 4). Moreover, up to 6–8% water in MCC can be 
unavailable (Zografi et al., 1984). Added bulk water is not physically bound to MCC but 
wet granulation and drying alters the C-H bonding in MCC (Fielden et al., 1988, Zografi 
and Kontny, 1986, Buckton et al., 1999). Thus, some residual moisture could get trapped 
in MCC by diffusional barriers (Zografi and Kontny, 1986).  
Table 4. The measured and theoretical moisture contents of samples consisting of bulk MCC 
powder and 15% PVP solution in different temperatures (n=3).  
Measuring 
temperature 
(°C) 
Bulk MCC 
moisture 
content (%) 
Measured 
moisture 
content MCC 
+ PVP (%) 
Calculated 
moisture 
content MCC 
+ PVP (%) 
Difference, 
calculated / 
measured (%) 
105 3.9 28.5 29.4 0.9 
135 4.0 28.9 29.9 1.0 
150 4.1 24.3 25.4 1.1 
 
The proximity of water balance and AWA at the end of the process indicates that all free 
water has been removed from the granules as well as the granulator. Moreover, a change 
in drying kinetics of the batch 5 is visible in the water balance and AWA curves around 36 
minutes of granulation. A simultaneous increase in the granule bed temperature occurs 
(Figure 14a). The change results from the transition from the initial water diffusion 
through the solid phase to water vapor diffusing through the material pores (Wildfong et 
al., 2002). 
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5.4.3 Mixtures of lactose and MCC 
The maximum water balance values at the end of the spraying phase in batches 2, 3 and 4 
are 15, 18 and 22 %, respectively (Figure 17). The corresponding LOD results are 2–3% 
smaller and the deviation grows with increasing moisture content and MCC proportion. 
The rather steady increase in the moisture content of the wettest samples with increasing 
MCC proportion suggests that the ability of the formulation to take up water depends 
linearly on the amount of MCC. This results from the ability of MCC to absorb a large 
amount of water by contrast to lactose (Ek and Newton, 1998, Schaafsma et al., 1998). 
A transition in the water balance and AWA curves in the late spraying phase resulting 
from wetting saturation of lactose surfaces is clearly visible also in the batch 2 and slightly 
visible in the batch 3 (Figure 17b–c). However, it is practically absent in batch 4. 
Moreover, the drying kinetics and time in the batches 2–3 resemble batch 1 while the 
drying behaviour of batch 4 is closer to that of batch 5. Furthermore, the change in the 
drying kinetics and times is larger between batches 3 and 4 compared to other batch-to-
batch differences. Thus, the moisture sorption and retention capacity is clearly a critical 
point when the proportion of MCC increases from 50% to 75%. Furthermore, the 
transitions in the water balance slopes during drying of batches 2–4 appear at the same 
time points as the bed temperature changes (Figure 14a). 
In general, the maximum water balance values as well as the curve kinetics reflect the 
water sorption capacity of the formulation. MCC can take up large amounts of water, 
which is reflected in higher water balance levels compared to lactose. While the amount of 
water adsorbed to crystalline materials depends on the available surface area, amorphous 
materials can absorb water proportional to their mass (Ahlneck and Zografi, 1990). In the 
current study, the non-saturating water balance curves suggest that the maximum water 
uptake capacity of MCC is not reached during the process. The water balance curves also 
reveal the differences in the moisture loss tendency of the different batches. Lactose has a 
steeper slope in the drying phase compared to MCC. The drying time of MCC is also 
much longer and results in higher final moisture contents with formulations containing a 
larger proportion of lactose.  
5.4.4 Remarks on the different techniques  
The differences between the off-line, water balance and AWA moisture measurements are 
partly attributed to the water they measure. AWA and the LOD methods measure the 
water content of the sample while water balance does not specify the location of water in 
the granulator. AWA appears to be the most reliable method for accurate determination of 
the total water content of the mass while the LOD methods seem to be limited to 
measuring only unbound water. The accuracy and precision of AWA are enabled by 
collecting data at very frequent intervals from static sample through a self-cleaning 
window. Considering that the in-line water balance measures the water amount in the 
whole process, it generally gives a good estimate on the mass moisture content. The 
connection between changes in water balance and bed temperature confirms that water 
balance is a suitable tool for monitoring the moisture sorption and loss behaviour of 
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different formulations. Combined with AWA, water balance can reveal the water 
proportion in the mass compared to other locations in the granulator. 
5.5 Image brightness and granule drying (III–IV) 
Increase in pellet surface brightness has been shown to correlate with drying (Burggraeve 
et al., 2011a). However, the surface brightness of granules decreased during drying 
(Figure 18). Moreover, the image brightness of batches IV and V remained unchanged for 
approximately 250 seconds in the middle of drying, simultaneously with the transition in 
mass temperature kinetics (Figure 14a). Plateaus in the brightness curves occurred 
simultaneously with transitions in bed temperature, AWA and water balance. The results 
suggest that decreasing granule surface brightness is an indicator of drying for lactose 
monohydrate and MCC granules. This results from reduced granule surface reflectivity at 
lower water amounts. Image brightness has previously been shown to increase as long as 
water was removed from pellets and theophylline monohydrate was converted into the 
anhydrous form (Burggraeve et al., 2011a). Comparison between the earlier and current 
results shows that change in the image brightness is connected to granule or pellet drying. 
However, the direction of the change depends on the formulation, dosage form, the 
location of water in the product and the occurrence of polymorphic changes. The impact 
of these individual properties is not fully understood yet and is subject to further studies. 
 
Figure 18. Image brightness during drying of  different granule formulations. 
In addition to the correlation with bed temperature and outlet humidity, the transitions in 
image brightness curves appear at the same time with the transitions in the water balance 
and AWA slopes during drying of batches 2–4 (Figures 16–17). Moreover, a change in 
drying kinetics of the batch 5 is visible in the water balance and AWA curves around 36 
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minutes of granulation, simultaneously with an image brightness plateau and increase in 
the granule bed temperature and, which both indicate granule drying. 
5.6 Monitoring changes in particle size and moisture content 
during fluid bed granulation (V) 
5.6.1 Overview of the spectral treatment 
An example of the spectra divided with the starting material spectrum is shown in Figure 
19. The first divided spectrum is a straight line with a value of one (Figure 19b). The 
treated spectra contain information only on the changes occurring during granulation. 
Thus, the observed changes such as peaks and baseline shifts arise primarily from 
changing particle size and water amount. The granule growth is seen as spectral baseline 
shift when the granulation liquid amount increases. Moreover, the water peaks at both 
1450 and 1930 nm grow as a function of added water, which is effectively visualised by 
the spectral treatment. The linear increment of 300 g water is not seen between the last 
two spectra in Figure 19b is also smaller compared to the previous spectra. This suggests 
that the water absorption capacity of the formulation is close to saturating. 
 
 
Figure 19. Examples of the raw (a) and treated (b) NIR spectra of MCC collected from a fluid bed 
granulation process.  
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5.6.2 Lactose 
Increased NIR absorbance is observed in the treated data collected from the batch 1 
especially around the water peak areas of 1450 nm and 1930 nm (Figure 20a). A rapid 
upward baseline shift occurs during the spraying phase at wavelengths above 1400 nm. 
The shift is caused by particle size growth and is more significant at higher wavelengths 
(Alcala et al., 2010, Gupta et al., 2004). Moreover, the water peaks diminish rapidly 
during drying but only small return in the baseline occurs, which indicates rapid water 
removal and little change in particle size. Alcala and colleagues (2010) reported a slight 
return in the spectral baseline during the drying phase, which correlated to the observed 
attrition. In the current study, the moisture content and particle size separated from the 
treated spectra confirm that particle size growth accounts for the baseline shift (Figure 
19b–c). The spectral baseline remains unchanged in the image representing moisture 
content while significant displacement of the baseline dominates the particle size figure. 
The uneven structure of lactose at 1540–1800 nm is related to the orientation of crystal 
lattices (Figure 20a) (Nieuwmeyer et al., 2007a). 
 
 
Figure 20. NIR spectra of lactose during granulation  a) the treated spectra; b) the contribution of 
moisture to the spectra; c) the contribution of particle size to the spectra. 
The addition of granulation liquid as well as the rapid drying of lactose is also clearly 
visible as growing water peaks and a subsequent rapid decrease in the water peaks in the 
batch 1 (Figure 20b). The shape of the 3D water peak around 1930 nm generally matches 
the AWA curve. However, the 3D water peak is unable to reveal the change in surface 
adsorption rate of water that is clearly visible in the AWA curve (Figure 20b). The water 
peak around 1450 nm is very small compared to 1930 nm water peak. Higher wavelengths 
generally indicate greater hydrogen bonding and free water (Martin, 1993).  
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The particle size changes are seen as notable overall shift in the spectral baseline 
during processing as well as increased tilt between the lower and higher wavelengths 
(Figure 20c). The particle size decreases rapidly in the beginning of the drying phase and 
then remains constant. The particle size plotted using absorbance at 1288 nm is 
comparable to the shape of the 3D particle size curve as a function of time (Figure 20c). 
5.6.3 MCC 
The treated spectra of batch 5 are characterised by very small baseline increase and 
relatively large water peaks, particularly around 1930 nm (Figure 21a). However, the 
water peak at 1450 nm can be distinguished from the baseline more clearly than in the 
other batches. This is logical as the 1450 nm indicates a less free state of water than the 
longer wavelength (Burns and Ciurczak, 2007). The process spectra and the moisture 
content spectra are almost identical (Figure 21a–b). Majority of the changes in the spectra 
are connected to water amount since the particle size changes are negligible (Figure 21b–
c). Moreover, the shape and height of the AWA curve also equals the 3D water peak. 
 
 
Figure 21. NIR spectra of MCC during granulation a) the treated spectra; b) the contribution of 
moisture to the spectra; c) the contribution of particle size to the spectra. 
The influence of particle size on the spectra in the MCC batch is negligible and the 
baseline returns quickly to the starting level during drying (Figure 21c). However, the 
spectral region 1610–1900 nm remains practically unchanged in MCC after drying for 12 
minutes and until the end. The spectral intensity and shape also differ from the starting 
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material at this region reveling that a change in the material properties has occurred during 
processing. Because the peaks between 1540 and 1900 nm often indicate crystal 
orientation (Nieuwmeyer et al., 2007a), the results could arise from permanently changed 
particle orientation or increase in the crystalline content of MCC. Also the images 
captured from the process show that only minor changes in particle size occur during the 
process (Figure 13e). 
5.6.4 Mixture of lactose and MCC 
The process spectra of batch 3 is characterised by moderate baseline shift and a large 
water peak at 1930 nm (Figure 22a). The smaller water peak at 1450 nm is visible but 
merges into the increased baseline above 1500 nm. Again, the absence of baseline shift in 
the water content figure, visible in the particle size figure, confirms that the baseline shift 
results from particle size (Figure 22b–c). The moisture content was separated successfully 
and the smaller water peak is more defined in the separated moisture content image 
(Figure 22b). Both water peaks grow rather steadily as a function of time during the 
spraying phase. A slightly faster drying compared to wetting is also apparent from the 
spectra. The AWA curve is very similar to the shape and height of the water peaks. The 
moisture content decrease rapidly when drying is started. 
 
Figure 22. NIR spectra of a granule batch containing lactose and MCC (50 % each) a) the treated 
spectra; b) the contribution of moisture to the spectra; c)  the contribution of particle size to the 
spectra. 
 
The spectral baseline begins to shift when liquid addition is started (Figure 22c). Particle 
size influences the spectra especially at wavelengths 1400–1900 nm and above 2000 nm. 
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A notable decrease in the spectral baseline occurs immediately when drying is started, 
which results from rapid granule attrition. The phenomenon has been captured by surface 
imaging (Figure 13c). 
5.7 Complementary process analytical tools (III–V) 
The current results demonstrate that images from the entire granulation process provide 
valuable information on material characteristics and performance during manufacturing. In 
addition to PSD, the images revealed batch specific granule growth and attrition behaviour 
in real time. The changes in granule size were clearly linked to the continuously measured 
process moisture and temperature conditions. The continuous moisture measurements 
based on process air moisture content and NIR spectroscopy provided real-time 
information on the moisture content as well as the batch moisture profile during 
processing. The comparison of the methods also enabled the evaluation of the location of 
water in the process. Thus, research and development could benefit enormously from 
increased use of visual information coupled with complementary process analytical tools. 
For example, images could give valuable insight into the behaviour of new excipients or 
formulations during processing. Another great advantage of modern process analytical 
methods is the creation of extensive data library. It enables systematic data analysis for 
further process improvements, design space creation and facilitated scale-up. The 
significance of collecting and recording complementary process data in a continuous 
fashion will become even more pronounced in the future when the manufacturing 
processes become automated to a larger extent.  
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6 Conclusions 
A novel small scale flow measurement device proved to be suitable for rapid flowability 
screening of different formulations. Specifically, the impact of physical properties of the 
formulation, such as drug loading, on the flowability could be distinguished. The decrease 
in flowability was the most notable at relatively low drug loadings. Additional increases in 
drug concentration above 12.5% had only a minor impact on the flow rate. 
Photometric imaging was shown to be suitable for measuring the PSD of entire granule 
batches using a specially designed feeding system. The instrument has the potential for 
rapid flowability screening and the flowability information obtained in the study also 
correlated well with the weight variation of tablets compressed from the studied granules. 
The method was also suitable for continuous monitoring of particle size changes of dense 
granules during granulation. However, its accuracy is compromised if decent granules are 
not formed. The images provided direct real-time information on the growth, attrition and 
packing behaviour of the batches. Moreover, decreasing image brightness during drying 
reflected the removal of water from the granules. The unrivalled feature of photometric 
imaging is that the continuously captured images provide direct visual information 
coupled with numerical data. 
The in-line water balance and on-line AWA obtained from NIR were suitable methods 
for continuous moisture content measurement during fluid bed granulation. However, 
water balance measures the water amount in the entire process and thus water can in some 
cases be elsewhere than within the granules. Thus, differences between the in-line, on-line 
and off-line methods reflect the location of water in the process and its retention to 
different materials. 
Dividing continuously recorded NIR spectra by the spectrum of the initial powder 
mixture produces curves that show only the spectral changes resulting from processing. 
The vast majority of these alterations are brought about by changes in particle size and 
moisture content. The data analysis approach applied in the study enabled continuous 
visualisation and monitoring of these changes. 
The combination of on-line photometric imaging and near-infrared spectroscopy with 
continuous in-line process measurements enabled continuous evaluation of key product 
properties during fluid bed granulation and provided insight into batch performance. 
The powder characterisation and PAT tools applied in this work enabled  rapid and 
non-destructive determination of the key powder and granule quality attributes. Even 
small changes in the material properties during processing were detected using the 
continuous and complementary PAT tools. In the future, the simultaneous collection of 
image, NIR and process parameter information could help to improve the efficiency and 
robustness of especially continuous manufacturing processes.  
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